ABSTRACT Monodisperse PVP-stabilized Pt nanoparticles (PtNPs) with an average diameter of 1.4 ± 0.3 nm were efficiently produced via the complete reduction of Pt 4+ ions by BH 4 -in a micromixer.
Introduction
Finely dispersed particles of transition metals have long been used as catalysts for various chemical transformations by taking advantage of intrinsic chemical properties of these metals and the large surface areas of the metal particles. Recently, much attention has been paid on their catalytic application from the viewpoint of reduction of environmental impact and conservation of precious resource [1] . One of the most extensively studied reactions is the aerobic oxidation of alcohols in water in the presence of Pt nanoparticles (PtNPs) as catalysts [2] [3] [4] [5] [6] . Since the ubiquitous oxygen is used as the oxidant instead of stoichiometric amounts of heavy-metal oxidants such as CrO 3 and KMnO 4 , production of harmful byproducts are suppressed in the reaction [7, 8] . Efficient production of small monodisperse PtNPs is desirable for the following reasons: (1) the amount of Pt, a precious metal, can be minimized by increasing the surface-to-volume ratio of the NPs; (2) the catalytic activity per unit surface area increases with a decrease in NP size as suggested by Liu [6] .
In general, PtNPs are prepared via the chemical reduction of Pt 4+ ions by hydrogen [6, 9] , alcohols [2, 5, [10] [11] [12] [13] , borohydride [14] [15] [16] [17] [18] , glycol [3, 6] , or ethylene glycol [19, 20] in the presence of a stabilizer or on a solid support (Scheme 1). Among the aforementioned reducing agents, borohydride (BH 4 -) is most suitable for minimizing the particle size because it enables rapid reduction to afford very small nuclei, whose growth is hindered. However, the PtNP yield is very low when using BH 4 -because of the incomplete reduction of the precursor ions [14, 17, 18] . According to Crooks, this incomplete reduction is due to the formation of a Pt 2+ intermediate, which does not undergo further reduction to Pt 0 [17] . Somorjai proposed that the reduction of Pt 2+ by BH 4 -is hindered by the multidentate coordination of Pt 2+ with the amide groups of the poly(amidoamine) dendrimer [18] . In contrast, Glaunsinger pointed out a possibility that the incomplete reduction of Pt 4+ ions is due to the efficient hydrolysis of BH 4 -by the PtNPs formed in the initial stages of the reaction (Scheme 1) [14] . This rapid hydrolysis of BH 4 - Ltd.), and CO gas (99.5% purity) were of the analytical grade and were used as purchased without further purification. Deionized water (18 M cm) was used to prepare aqueous solutions.
Preparation of Pt:PVP

Microfluidic reduction with BH 4 -(sample a)
Pt:PVP particles with the smallest possible diameters were prepared by mixing the following two solutions in a micromixer (interdigital triangular mixer, mgt mikroglas technik AG, Germany). The Pt:PVP hydrosol was diluted with deionized water so that the total volume became 120 mL.
This diluted hydrosol was passed through a membrane filter having a cut-off molecular weight of 10 kDa (VIVA FLOW 50, Sartorius Stedim Biotech) with a help of a pump (MASTERFLEX model 718-00) at a flow rate of 8 mL/min. Optical spectroscopy analysis of the filtrate confirmed that there was no leakage of the PtNPs. After the volume of the Pt:PVP hydrosol was reduced to approximately 4 mL by the filtration, 25 mL of deionized water was added, and the filtration step was repeated. The dilution and filtration steps were repeated 6-10 times for the complete removal of inorganic ions. The purified Pt:PVP (sample a) was freeze-dried, pulverized using a pestle, and stored in a desiccator.
Batch reduction with BH 4 -(sample a´)
Pt:PVP was also prepared by batch mixing of the aqueous solutions of H 2 PtCl 6 and NaBH 4 in order to study the effect of the mixing method. Using a micropipette, a chilled (~5 C) aqueous solution of NaBH 4 (0.1 M, 20 mL) was rapidly injected into that of H 2 PtCl 6 (2.0 mM, 20 mL) containing PVP 178 mg); the latter solution was placed in a MeOH bath maintained at 0 C. The PVP-monomer-to-Pt molar ratio was 40:1. The resulting sample was purified (sample a´) and stored in the same manner as in the case of sample a.
Batch reduction with ethylene glycol (sample b)
For reference, Pt:PVP was prepared by using a previously reported method [12] but with a slight modification. Ethylene glycol (15 mL) was dehydrated by heating at 140 C for 30 min and cooled;
subsequently, dried H 2 PtCl 6 (0.3 mmol) and NaOH (180 mg; NaOH/Pt 4+ = 15) were added. The solution was stirred for 3 h at room temperature to ensure complete dissolution of NaOH and then heated in air at 140 C for ~2 h in a 50-mL round bottom flask. After the solution was cooled to room temperature, PVP (1332 mg, PVP-monomer:Pt = 40:1) was added and the mixture was stirred overnight. Finally, Pt:PVP was purified by removing the inorganic ions and ethylene glycol (sample b) and stored, as done for sample a.
Batch reduction with ethanol (sample c)
Another reference Pt:PVP sample was prepared by following a literature method [11] . A mixture of aqueous solution of H 2 PtCl 6 (10 mM, 5 mL) and ethanol/water solution (9:1, v/v, 45 mL) of PVP (222 mg, PVP-monomer:Pt = 40:1) was refluxed at 90 C in a 100-mL round bottom flask for 3 h under air. Finally, Pt:PVP was purified by removing the inorganic ions and ethanol (sample c) and stored as per the method described for sample a.
Characterization of Pt:PVP
UV-Visible spectroscopy
UV-visible optical spectra of Pt:PVP dispersed in water were recorded by using a spectrophotometer (V-670, JASCO) under ambient condition.
Transmission electron microscopy (TEM)
The sizes of the PtNPs in Pt:PVP were determined by using a transmission electron microscope (JEM-2100F, JEOL) operated at 200 kV with a magnification of 100,000-300,000. One drop of ethanol dispersion (1 mL) of Pt:PVP (Pt concentration: ~0.3 mM) was cast on a carbon-coated copper grid placed on a filter paper. After complete drying, the grid was placed in the microscope for the measurements.
X-ray diffractometry (XRD)
X-ray diffraction (XRD) patterns of the PtNPs in Pt:PVP were measured by using a diffractometer (D8 ADVANCE, Bruker) with Cu K radiation (1.5418 Å) operated at 40 kV and 40 mA.
The finely powdered sample (~20 mg) was taken in a glass holder ( = 20 mm), and the sample surface was flattened using a glass slide. The obtained diffraction patterns were simulated using the TOPAS-4
program.
Inductively coupled plasma-atomic emission spectroscopy (ICP-AES)
The Pt contents of the prepared Pt:PVP samples were determined by using an inductively coupled plasma atomic emission spectrometer (ICPE-9000, Shimadzu). Specimens were prepared by dissolving the solid Pt:PVP samples in concentrated aqua regia and diluting the solution with water, so that the Pt concentration was in the range 5-10 ppm. The amount of Pt leached during the catalytic reaction of Pt:PVP (sample a) (see 2.3.8) was also determined by ICP-AES analysis. Specimens were prepared by filtrating the Pt:PVP hydrosol after catalysis through a membrane filter having a cut-off molecular weight of 3 kDa and washed twice with water (10 mL).
X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectra of the Pt 4f core level were recorded by using a spectrometer (JPS-9010MC, JEOL) with Mg K radiation (1253.6 eV); the spectrometer was operated at a base pressure of ca. 4 × 10 -7 Pa. The samples were dried in a lyophilizer (FDU-2200, Eyela) for more than 24 h, and then, a thin film of the sample was attached to a conductive carbon tape. Spectra were obtained at a takeoff angle of 45 using a hemispherical energy analyzer with an energy resolution of ~0.9 eV. The spectra were calibrated using the C 1s peaks of PVP as internal standards.
X-ray absorbance spectroscopy (XAS)
XAS experiments were conducted using the BL-7C beamline at Photon Factory of the Institute for Material Structure Science (PF-IMSS, KEK, Proposal No. 2008G638). Extended X-ray absorption fine structure (EXAFS) and X-ray absorption near-edge structure (XANES) spectra were recorded at the Pt L 3 edge (11564 eV). The synchrotron radiation emitted from the 2.5-GeV storage ring was monochromatized using a Si(111) double-crystal monochromator calibrated by the L 3 edge of metallic
Pt. The powder samples were pressed into self-supporting disks and sealed into polyethylene bags. All the spectra were recorded at room temperature in the transmission mode using ion chambers for detection. EXAFS data were analyzed using a program REX2000 (Rigaku Co.). The EXAFS oscillations, (k), were obtained form the data by a spline smoothing and normalized by the edge height. particles were dispersed in CH 2 Cl 2 (5 mL) so that the UV-visible spectra of the organosols had comparable areal intensities. The organosols were placed in a septum-sealed, two-neck flask, deaerated by freeze-pump-thaw cycles, and purged with CO at atmospheric pressure and 293  0.5 K. Then, the flask was connected to a 5-mL airtight syringe via an IR cell (CaF 2 window, thickness: 0.5 mm) by 1/16-in. Teflon tubes. Using the syringe, the organosols were transferred into the cell consecutively during purging, and FTIR spectra were recorded in the transmission mode by averaging over 20 scans.
After the spectral measurements, the solution was transferred back to the flask. Background spectra were recorded at the initial stages of the measurement using moisture-free, degassed CH 2 Cl 2 .
General procedure for aerobic oxidation of PhCH 2 OH
Aerobic oxidation of PhCH 2 OH by Pt:PVP (sample a) was carried out using a temperaturecontrolled personal organic synthesizer (PPS-1510, Eyela) in an O 2 atmosphere (pressure: 1 atm), in an aqueous solution without any base. The Pt:PVP (2 mM, 2 mL) hydrosol was taken in a 10-mL test tube ( = 15 mm). The test tube was connected to a balloon filled with O 2 (1 atm) after the removal of air.
Then, the temperature of the mixture was raised to 60 C under vigorous stirring (1300 rpm), and PhCH 2 OH (20.7 L, 0.2 mmol) was directly added on top of this hydrosol by a microsyringe with a long needle. Under these conditions, the Pt content was 2 mol% with respect to the substrate. The products were extracted four times with AcOEt (~15 mL) and dried over Na 2 SO 4 . The AcOEt solution was then diluted to 100 mL and used for the gas chromatographic (GC-2014, Shimadzu) estimation of the chemical identity and absolute yield of the products by the external standard method. Average values and the standard deviations of the yields were determined by three independent experiments.
Reusability of Pt:PVP (sample a) as catalysts was studied as follows. After the first catalytic run, EtOAc remained on the Pt:PVP hydrosols was removed completely by passing dry air for 30 min. One drop (~ 10 µL) of the hydrosol was sampled for TEM analysis and the total volume of the hydrosol was adjusted to 2 mL by adding water. The test tube was connected to a balloon filled with O 2 (1 atm) and PhCH 2 OH (20.7 L) was added to the hydrosol (60 C) under vigorous stirring (1300 rpm). Yields of the products after 5 h were determined by GC analysis. The above procedure was repeated 4 times.
Average values and the standard deviations of the yields were determined by three independent experiments.
Results and Discussion
Efficiency of the microfluidic reduction
ICP measurements indicated that the Pt contents of samples a, b, and c were 4.5, 4.1 and 4.4 wt%, respectively. Fig. 1A shows the optical absorption spectra of the hydrosols of samples a-c after normalization with the Pt concentration. All the spectra exhibited exponential-like profiles due to intraand interband optical transitions, as in the case of the PtNPs reported so far [10, 11, 13, 17, 20] . The spectral area for sample a was nearly the same as those for samples b and c, suggesting that the Pt 4+ ions were completely reduced by BH 4 -when the micromixer was used. To further confirm the role of the micromixer in the efficient production of PtNPs, we compared the optical spectra of samples a and a´ (see Fig. 1A ). The spectral intensity for sample a´ was ~60 % of that for sample a. In addition, Pt 2+ ions were detected in the filtrates of sample a´, but not in the filtrate of sample a (Fig. 1B) . These results clearly indicated that the Pt 4+ ions could be reduced completely by mixing with BH 4 -in the micromixer.
Our findings support the previous proposal by Glaunsinger [14] , who suggested that the reduction of 
Size distributions
Representative TEM images of samples a-c are shown in Fig. 2 . Samples a and b were found to comprise spherical particles, whereas sample c contained nonspherical particles. The diameters of more than 300 PtNPs were measured from the TEM images and histograms showing the nanoparticle population as a function of the particle diameter were plotted (Fig. 2) . The average diameters of the PtNPs (d TEM ) for samples a, b, and c were found to be 1.4  0.3, 1.8  0.4 and 3.2  0.7 nm, respectively.
The powder XRD patterns for samples a-c indicated the formation of fcc crystallites (Fig. 3) . The Fig. 3 . XRD patterns of Pt:PVP (samples a-c) and bulk Pt.
Geometric and electronic structures
Fig . 4 shows the X-ray photoelectron spectra of the Pt 4f region of sample a. Two peaks due to Pt 4f 7/2 and Pt 4f 5/2 were observed at binding energies of 70.2 and 73.4 eV, respectively (Table 1) . No peak attributable to unreduced Pt ions was seen; this result was consistent with the results of the optical measurements described in Section 3.1. Notably, the peak positions for sample a were shifted to the lower-energy side as compared to those for bulk Pt, suggesting that the PtNPs in sample a are negatively charged because of the electron-donating nature of PVP. A similar behavior has been reported for Pt:PVP [28] and Au:PVP [24] . The valence states of samples a and c were characterized by XAS at the Pt L 3 edge. Fig. 5 shows the normalized XANES spectra of these samples. The absorption peak at 11564 eV, called white line, is associated with the electronic excitation from 2p 3/2 to 5d 5/2 above the Fermi level [25] . The intensity of the white line for sample a is much higher than those in the case of sample c and bulk Pt. This indicates an increase in the d-band vacancy for sample a, which has the smallest particle diameter, as stated in previous report [26] . Although the corresponding peak for sample a is much weaker, the spectrum was Fourier-filtered (solid line of Fig. 6(B) ) over the same region and analyzed by a curve-fitting technique (dotted line of Fig.   6 (B)). Table 2 summarizes the structure parameters of samples a and c thus obtained. The Pt-Pt coordination number (CN) for sample a is smaller than that for sample c, which is associated with higher population of low-coordination sites in smaller NPs [10] and is consistent with the results of TEM and XRD measurements (Figs. 2 and 3, Table 1 ). The difference between theoretical and experimental threshold energies. assigned to the free CO dissolved in CH 2 Cl 2 [24, 27] . The peak at 2058 cm -1 was the strongest among the aforementioned five peaks and was assigned to CO adsorbed on a single Pt atom on the terrace [27] , whereas the weak peak at 1850 cm -1 was due to a bridge site between two Pt atoms on the terrace. The peak position for terrace CO showed a blue shift with an increase in the particle size, suggesting limited back-donation of electrons from the large PtNPs to CO. This could be because the electronic charge density for larger PtNPs is lower than that of smaller PtNPs, as observed in a previous XPS analysis [28] . Interestingly, two peaks at 1994 and 2021 cm -1 , which had not been reported previously, were observed in the present study. The peak intensity relative to that for the terrace CO increased rapidly with a decrease in the size of the PtNPs. These two new peaks were assigned to CO attached to lowcoordination sites such as edges and vertices, since it could be reasonably assumed that smaller NPs have a greater number of edge and vertex atoms than do larger NPs. 
Oxidation of PhCH 2 OH
Pt:PVP particles (sample a) dispersed in water catalyzed the aerobic oxidation of PhCH 2 OH even in the absence of base. Fig. 8 shows the time course of the conversion of PhCH 2 OH in the presence of sample a at 60 °C. Interestingly, this reaction afforded PhCHO as the major product, in sharp contrast to the selective production of PhCO 2 H catalyzed by the PtNPs reported previously [2, 3, 5, 6] . The yield of PhCHO became as high as 84% after 4 h. The high selectivity of sample a to the aldehyde product can be ascribed to several factors, such as size, geometric and electronic structures of the PtNPs, which would be investigated in a future study. In addition, the yields of PhCHO after 5 h do not change appreciably (Fig. 9B) . These results indicate that Pt:PVP (sample a) can be reused as oxidation catalysts under the present conditions at least four times without any loss in the activity. However, we found that 0.6% of Pt is leached out from Pt:PVP into the water phase after the reaction for 5 h. In order to estimate the contribution of these leached Pt species to the oxidation reaction, the conversion of PhCH 2 OH by the leached Pt was measured. It was found that the conversion was less than 1 % even when the amount of leached Pt is increased 10 times. This result indicates that oxidation of PhCH 2 OH is not catalyzed by leached Pt species, but exclusively by Pt:PVP (sample a ). 
Summary
We demonstrated that the yield of PtNPs produced by micromixing was greatly enhanced because of the compete reduction of Pt 4+ ions by BH 4 -. The low yield of the PtNPs produced in the absence of micromixing was ascribed to the hydrolytic decomposition of BH 4 -by the PtNPs produced in the initial stages of the reaction. In addition, the diameter of the PtNPs produced by micromixing could be reduced to 1.4 ± 0.3 nm under optimized conditions. The synthesized Pt:PVP was negatively
